Purpose: In this study, we aimed to compare the efficacy of combined ceftizoxime with ampicillin-sulbactam versus combined gentamicin with ampicillin-sulbactam as prophylactic antibiotic regimen in preventing early bacterial PTIs in liver TX recipients at a referral center. Patients and methods: All patients older than 18 years who had undergone liver TX at Abu-Ali Sina transplantation center in Shiraz, Iran from July 2018 to April 2019 were included in this study. In a single-blinded manner, the participants randomly received either combined intravenous ceftizoxime plus ampicillin-sulbactam (ceftizoxime group) or gentamicin plus ampicillin-sulbactam (gentamicin group) as prophylactic antibiotic regimen before the incision of the surgery, which was continued for 48 hrs after liver Tx. The rate and type of bacterial infections, length of hospital and intensive care unit (ICU) stay, mortality rate, and kidney function were assessed during 1 month following liver TX in the two groups. Results: Two hundred and thirty patients were divided into two groups. One patient in the gentamicin group and five in the ceftizoxime group were excluded due to emergency exploratory laparotomy within the first 3 days after transplantation. The rate of bacterial infections during the first month after transplantation was 25.4%. This rate was significantly lower in the gentamicin group (13.16%) in comparison to the ceftizoxime group (38.18%) (P value<0.01), based on the univariate logistic regression analysis. Length of ICU and hospital stay and also mortality rate were significantly lower in the gentamicin group (P value <0.01). There was no significant difference regarding kidney function between the two groups (P value = 0.16). Conclusion: Our results suggested that gentamicin can be considered as a promising agent in prophylactic antibiotic regimen for patients undergoing liver TX. Trial registration: The study was registered at the Iranian Registry of Clinical Trials (IRCT20120731010453N2; http://www.irct.ir/).
Introduction
Liver transplantation is one of the ways to cure end-stage liver diseases. 1 Over the past decade, the survival rate of liver transplant recipients has improved. This is mainly due to advances in surgical techniques, the introduction of new immunosuppressive agents and the upgrading of diagnostic methods for early detection and prevention of infections. 2 A study by Nickeghbalian et al. estimated that the one-year survival of liver transplant recipients was 91%. 3 One of the most important causes of mortality and morbidity after transplantation is post-transplant infections (PTIs). 4, 5 In several studies, the incidence of PTIs was reported to be more than 50%. 5 The mortality rate was reported 24-36% in bacteremic recipients. 6 Bacterial, fungal and viral agents are the most important pathogens of PTIs, respectively. 6, 7 The most important risk factor of PTIs is immunosuppression state. Other risk factors are the model for end-stage liver disease (MELD) score of more than 30 before transplantation, reoperation after transplantation, need to renal replacement therapy and more than 48 hrs of admission in the intensive care unit (ICU). 7, 8 In many studies, the occurrence of PTIs were classified into three periods: early (during the first 30 days after transplantation), intermediate (between the 1st and 6th month after transplantation), and late (6 months after transplantation). 9 Early period PTIs are mainly due to nosocomial bacterial infections. Surgical site infections (SSIs), pneumonia, bacteremia, and urinary tract infection were reported as the most common site of infections in the early period. 10 Preventing PTIs are important because of its effect on the transplantation failure rate. Prophylactic antimicrobial therapy is frequently used in the early post-transplant period to reduce the incidence of PTIs. Third-generation cephalosporins, carbapenems, aminoglycosides, beta-lactams-beta-lactamase inhibitors and fluoroquinolones are being used alone or in combination with each other to prevent bacterial PTIs. 11 It is of great importance to select the prophylactic antibiotic regimen based on common infections, local guidelines and physician preferences in each center. Due to the importance of selecting an appropriate prophylactic antibiotic regimen, we conducted this clinical trial to compare the efficacy of combined ceftizoxime with ampicillin-sulbactam, which is being used at our center versus combined gentamicin with ampicillin-sulbactam to prevent early bacterial PTIs in liver transplant recipients.
Materials and Methods

Trial Design
This is a randomized, single-blinded, clinical trial study with parallel design. Participants were assigned to either intervention or control groups (1:1 allocation ratio) based on blocked randomization method. Eligible patients were recruited from July 2018 to April 2019 at the Abu-Ali Sina transplantation hospital in Shiraz, Iran. The rate of bacterial PTIs was recorded and compared between the two groups within the first 30 days after transplantation.
The protocol and patient informed consent form were reviewed and approved by the local Ethics Committee of Shiraz University of Medical Sciences (IR.SUMS. REC.1397.644). The study was registered at the Iranian Registry of Clinical Trials (IRCT20120731010453N2; http://www.irct.ir/). Participation in this study was completely voluntary. The study was carried out in accordance with the principles of the Declaration of Helsinki. The purpose of the study was explained for patients prior to their enrollment. All participants signed the written informed consent prior to their participation. Patients were free to withdraw from the study at any time.
Study Participants
Based on the data from previously published studies 12 and with a study power of 1-β=0.8 and α=0.05, and 1:1 allocation ratio between the treatment and control groups, the sample size was calculated to be at least 91 patients per group. All patients older than 18 years who had undergone liver transplantation surgery were included in this study. Patients were excluded from the study if any of the following conditions existed: 1) use of antibiotics during their current hospital stay; 2) history of any infection before liver transplantation; 3) death earlier than 3 days after liver transplantation; 4) pregnant and lactating women; 5) history of sensitivity to one of the antibiotics used in this study; and 6) simultaneous liver-kidney transplantation.
All patients were transferred to the intensive transplant unit (ITU) after liver transplantation and visited daily by transplant surgeon, gastroenterohepatologist, and an infectious disease specialist. The patients' demographic, clinical and laboratory data were recorded. In each visit, the clinical and paraclinical changes were assessed and they were asked about any potential side effects.
Intervention
Participants either received combination of intravenous ceftizoxime (2 g every 8 hrs) with ampicillin-sulbactam (3 g every 6 hrs) or combination of gentamicin (5 mg/kg every 24 hrs for two single doses) with ampicillinsulbactam (3 g every 6 hrs) as prophylactic antibiotic regimen. In both groups, antibiotics were infused intravenously 1 hr before the surgery and continued for 48 hrs after liver transplantation through central venous catheter. The dose of antibiotics was adjusted based on the patient's glomerular filtration rate (GFR), if needed.
To prevent fungal infections, fluconazole (100 mg twice per day) was prescribed for all patients for 30 days. Trimethoprim/sulfamethoxazole (480 mg daily) was prescribed for 1 year as prophylaxis for pneumonia caused by Pneumocystis jirovecii (PJP). Also, intravenous ganciclovir (5 mg/kg/day) or oral valganciclovir (900 mg per day) was prescribed to prevent cytomegalovirus infection in seropositive patients. Hepatitis B immunoglobulin, along with antiviral drugs such as tenofovir or lamivudine, was administered after liver transplantation if the indication of liver transplant was hepatitis B virus infection.
Combinations of tacrolimus or cyclosporine with low dose prednisolone (20 to 10 mg per day) were used as primary standard immunosuppressive agents after induction therapy in all patients. To suppress acute rejection episodes, high dose of intravenous methylprednisolone (1 to 3 g daily for 3 consecutive days) and higher dose of tacrolimus were used. Plasma tacrolimus and cyclosporine levels were monitored closely.
Primary and Secondary Outcomes
The primary outcome was to evaluate the effectiveness of the two different prophylactic antibiotic regimens in preventing PTIs during the first month after liver transplantation. Secondary outcome measures included mortality and acute rejection rates, ICU and hospital length of stay, and the need for renal replacement therapy.
Biochemical Analysis for Evaluation of Renal Function
Plasma creatinine and blood urea nitrogen (BUN) levels were measured daily in all patients. Kidney function was assessed by calculating GFR. The trend of GFR was monitored using RIFLE (risk, injury, failure, loss, and endstage kidney disease) criteria in all patients 13 (Table 1) .
Also, to assess the occurrence of acute tubular necrosis (ATN), fractional excretion of sodium (FENa) was calculated based on serum and urine levels of creatinine and sodium in days 0 (baseline) and 7. FENa more than 2% were considered as ATN. Aminoglycoside nephrotoxicity was defined as either increasing more than 0.5 to 1 mg/dL (44 to 88 µmol/L) or 50% in plasma creatinine concentration from the baseline value. 14 
Microbiological Study
Based on clinical and laboratory findings, microbiological surveillance cultures such as blood, urine, sputum, and abdominal fluid were performed. Chest X-ray was obtained in patients who were suspicious to pneumonia. Blood culture was obtained by standard procedure. The automats used were the BacT/ALERT 3D-automated blood culture system (bioMérieux, Durham, NC, USA) and the BACTEC FX (BDDiagnostic Systems, Sparks, MD, USA) (FX) for rapid microbial detection.
Results were interpreted according to the clinical and laboratory standards institute (CLSI) guideline. 15 An expert infectious disease specialist exploited clinical guidelines of the centers for disease control (CDC) for diagnosis of PTIs. 16 
Statistical Analysis
The analysis was conducted using SPSS 25 software (SPSS Inc., Chicago, IL, USA). Categorical variables were expressed by frequency and percentage. Normal distribution of data was calculated, using Shapiro-Wilk test. Normally distributed continuous variables were reported as mean (± SD). Nonnormally distributed continuous data were expressed as median (interquartile range). Chi-square or Fisher exact test was used to evaluate possible associations among categorical variables, if appropriate. Parametric and non-parametric continuous variables were analyzed using independent t-test and Mann-Whitney tests, respectively. Multivariate stepwise logistic regression was used to calculate odds ratio (OR) and their 95% confidence interval (CI) to assess the possible risk factors of PTIs and gentamicin nephrotoxicity. For this purpose, various demographic, clinical, and paraclinical characteristics of patients were considered as independent variables and entered into the primarily univariate model separately. Those with P values less than 0.05 were then selected and entered into the final multivariate model. Comparison of the mean values of serum creatinine within and between the two groups in the first 10 days was done, using one-way analysis of variance (ANOVA) with repeated measures. P values less than 0.05 were considered to be statistically significant.
Results
After screening 253 patients, 230 of them were divided into two groups (115 patients each). One patient in the gentamicin plus ampicillin-sulbactam group (gentamicin group) and five patients in the ceftizoxime plus ampicillinsulbactam group (ceftizoxime group) were excluded due to emergency exploratory laparotomy within the first 3 days after transplantation (Figure 1 ). Patients' demographic and baseline laboratory data are shown in Table 2 .
The rate of PTIs during the first month after transplantation was 25.4%. According to univariate logistic regression analyses, this rate was significantly lower in the gentamicin group (13.16%) in comparison with the ceftizoxime group (38.18%) (OR = 0.245, 95% CI: 0.126--0.477; P value <0.001). However, after adjusting our intervention for independent variables with probable confounding effects in the multivariate logistic regression analysis, only the length of hospital stay was significantly associated with PTIs (OR = 0.782, 95% CI: 0.704-0.868; P value <0.001) ( Table 3) .
The results of clinic-related outcomes are presented in Table 4 . Apart from the rates of bacterial infection, the length of hospital stay (P value <0.001), length of ICU stay (P value <0.001), and mortality rate (P value <0.001) were also lower in the gentamicin group than those in the ceftizoxime group. In contrast, the mean onset for bacterial infection after liver transplantation was comparable between the two groups (P value = 0.08).
The number of isolated pathogens during the first month after transplantation was poly-microbial (n=15), Klebsiella sp. (n=7), Escherichia coli (n=6), methicillin-resistant Staphylococcus aureus (MRSA) (n=2), vancomycinresistant Enterococci (VRE) (n=2), and Pseudomonas sp. (n=1). There was no statistically significant difference in the type of pathogens between the two groups (P value = 0.11).
Seven isolated Enterobacteriaceae were extensively drug-resistant (XDR) and 17 were multi-drug-resistant (MDR). The number of MDR pathogens in the gentamicin group was significantly lower (P value=0.04), but there was no significant difference in the number of XDR pathogens (P value=0.68) between the two groups.
Conversely, the sites (types) of infection differed significantly between the two groups (P value <0.001). For example, ventilator-associated pneumonia was more common in the ceftizoxime than the gentamicin group (54.76% and 20%).
Based on the definition of aminoglycoside nephrotoxicity, 8% of the patients in the gentamicin plus ampicillinsulbactam group developed ATN. Different aspects and indexes of renal function in the two groups are shown in Table 5 . GFR 1 week after transplantation, ATN episodes, number of patients requiring hemodialysis or continuous renal replacement therapies (CRRT), and rate of ATN based on the RIFLE criteria were comparable between the ceftizoxime and gentamicin groups.
According to Figure 2 , the mean changes of serum creatinine level during the first 10 days after liver transplantation did not differ significantly either within or between ceftizoxime and gentamicin groups.
Comparison of different demographic, clinical and paraclinical characteristics between patients with and without ATN after transplantation are listed in Table 6 . According to univariate analysis, gender (P value = 0.016), length of ICU stay (P value = 0.004), length of hospital stay (P value = 0.010), bacterial infection after transplant (P value = 0.002), type of prophylactic antibiotic regimen (P value = 0.019), reoperation (P value = 0.005), mechanical ventilation more than 4 hrs after transplantation (P value = 0.001), use of nephrotoxic agent(s) (P value = 0.024), hemoglobin level before transplant (P value = 0.047), total (P value = 0.003) as well as direct (P value = 0.003) bilirubin level before transplant, and ALT level before transplant (P value < 0.001) were selected. However, only ALT level before transplant (OR = 1.001, 95% CI: 1.000-1.001; P value = 0.005) was significantly associated with ATN after transplantation based on the multivariate analysis.
Discussion
PTIs are the most important cause of mortality and morbidity after liver transplantation. One of the most important strategies used to reduce PTIs is rational and appropriate use of prophylactic antibiotic regimen. 17 In this clinical trial, the combination of gentamicin and ampicillin-sulbactam was compared with the routine antibacterial prophylactic regimen in our center (ceftizoxime and ampicillin-sulbactam). The clinical effectiveness of gentamicin plus ampicillinsulbactam in preventing PTIs was significantly higher based on univariate analysis and its renal safety was comparable with the ceftizoxime plus ampicillin-sulbactam regimen. In our study, the rate of PTIs during the first month after transplantation was 25.4%. Previous studies reported a wide range of PTIs incidence. In the study by Kim et al., the rate of PTIs in the first month after transplantation was 30.2%. 10 In other studies, the rate of PTIs was reported from 14.1% to 75%. 7 The difference in choosing the prophylactic antibiotic regimen, length of follow up, design of the study, different microbiological environments, and difference in the definition of PTIs are the factors that might lead to such a wide range of variation. In recent years, Gram-negative bacteria have been considered as the most common cause of PTIs. 18 This becomes important due to the high rate of MDR among gram-negative bacteria. 19 One study in China reported that MDR gram-negative bacteria were isolated from 56% of PTIs cases. 7 In line with the aforementioned study, MDR gram-negative bacteria were the most common pathogens in our study. The rate of MDR pathogens in our study was about 55%, of which 48% were extended-spectrum betalactamases (ESBL). The number of MDR gram-negative isolates in the ceftizoxime group (N=12) was more than the gentamicin group (N=5). Previous studies reported the prevalence of ESBL from 43.3% to 67%. 20, 21 The increase in the rate of MDR and ESBL species not only increases the rate of mortality after liver transplant, but also leads to inefficiency of some antibiotic classes, such as cephalosporins, as part of the prophylactic antibiotic regimen. 22 Some clinical guidelines have suggested the use of piperacillin-tazobactam or the combination of ampicillin and ceftazidime 24 hrs or less prior to liver transplantation as prophylactic regimen. 11 A retrospective non-randomized study stated that the use of cephazolin alone could not prevent SSIs in post-transplant liver recipients. 23 Another single center study used ampicillin-sulbactam rather than cefazolin alone, but the author's concluded that ampicillin-sulbactam could not prevent SSIs. 24 Although aminoglycosides has appropriate coverage against aerobic gram-negative bacilli, and has synergistic effect in combination with other antibiotics, 25 no study has compared the efficacy of gentamicin as a part of prophylactic antibiotic regimen in liver transplant recipients yet. Our rationale in selecting gentamicin plus ampicillinsulbactam regimen in the current clinical trial was mainly based on both the reported frequency and pattern of pathogens causing PTIs in our center 26, 27 (mostly, Acinetobacter spp. and Enterococci spp.) and also potential synergistic effects of aminoglycosides (e.g., gentamicin) in combination with beta lactams particularly against the MDR bacteria 25 (e.g., ampicillin-sulbactam).
Previous studies reported that the length of ICU and hospital stays, MELD score before transplantation, reoperation, and hospitalization within 3 months prior to the transplantation, administration of antibiotic 1 week before liver transplantation, and the type of biliary anastomosis are the risk factors for PTIs. 6, 28 However, in the current study, only the length of hospital stay was significantly associated with PTI. Variations in the study setting, study population, methodology, and prophylactic antibacterial regimen should be taken into account for these differences.
Most of the PTIs risk factors are non-modifiable before the liver transplantation. Therefore, it is necessary to develop a proper prophylactic antibiotic regimen to prevent PTIs. 5 5 Failure (N) 8 10 Loss (N) 0 1
Abbreviations: GFR, glomerular filtration rate; CRRT, continuous renal replacement therapies; ATN, acute tubular necrosis; FENa, fractional excretion of sodium. A concern regarding the use of aminoglycosides is renal toxicity. It was estimated that renal toxicity was developed in 10-20% of patients who received aminoglycosides. 29 Based on the mentioned criteria for diagnosis of aminoglycosides renal toxicity, the rate of gentamicin nephrotoxicity was 8% in our study. Also, other aspects and indexes of renal function including GFR 1 week after transplantation, ATN episodes, number of patients requiring hemodialysis or CRRT, and the rate of ATN based on the RIFLE criteria did not differ significantly between the two groups. In other words, renal safety of our antibacterial prophylactic regimen was comparable with ceftizoxime plus ampicillin-sulbactam. This might be due to administration of gentamicin once daily and just for 48 hrs. Based on the results of various studies, administration of aminoglycosides with an interval of 24 hrs causes less renal toxicity, in addition to having the same antibacterial effects with shorter interval of administration. 30 Nielsen et al. investigated the effect of single dose of gentamicin on the rate of ATN in patients undergoing cardiac surgery, 31 and reported that the gentamicin group had more fluctuations in creatine levels during the first 72 hrs and most patients were within the first level of ATN according to RIFLE criteria. However, after the first 72 hrs, there was no difference in the level of creatinine among the patients. Also, there was no difference in the rate of hemodialysis between the two groups. Our study had some limitations, and the first one was the fact that the patients were selected from a single center. Hence, it is necessary to conduct a multi-central study with a larger sample size to increase the external validity and statistical power of the study. Another limitation was the short duration of the follow-up. It is recommended that the effect of prophylactic antibiotic regimen should be investigated during at least 6 months. Also, it is suggested that the rate of non-bacterial infections after transplantation should be investigated.
Conclusion
According to the results of this study, gentamicin (5 mg/kg every 24 hrs) plus ampicillin-sulbactam (3 g every 6 hrs) regimen for 48 hrs compared to ceftizoxime (2 g every 8 hrs) plus ampicillin-sulbactam (3 g every 6 hrs) significantly reduced the rate of PTIs during the first month after transplantation. In addition, our regimen led to lower ICU as well as hospital length of stay and also mortality rate. No significant difference was found between the two groups regarding different aspects of renal function. Therefore, it seems that gentamicin can be used safely as part of prophylactic antibiotic regimen in patients undergoing liver transplantation.
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